INTRODUCTION
Transition metal ions such as zinc, copper, iron and manganese are essential trace elements that play integral catalytic functions in myriad metalloenzymes and electron transfer in all organisms (1) (2) (3) . However, they are required only in trace amounts and, when present in excess in the environment, even essential metals can be cytotoxic, like heavy metal pollutants (4) (5) (6) . All organisms have evolved a range of mechanisms that govern metal homeostasis, defined as maintaining the intracellular bioavailable concentrations of essential metal ions within a range compatible with cell viability (7) (8) (9) . Multiple lines of evidence from the past decade reveal that heavy metal homeostasis is maintained in all organisms by a small number of critical processes that include metal sensing, chelation and transport (10) (11) (12) (13) (14) (15) (16) (17) (18) .
Two distinct mechanisms play prominent roles in governing metal ion homeostasis and resistance in many organisms. One involves the uptake or efflux of specific heavy metal ions across biomembranes, mediated by ATP-coupled high affinity metal ion transporters such as those derived from the CPx-ATPase family (19) (20) (21) . Another mechanism involves the highly specific chelation of metal ions by intracellular chelators, e.g., metallothioneins (MTs), now known to be widely distributed in nature (13, 22, 23) . To meet the diverse biological requirements of specific metal ions, various strategies have evolved to regulate the As(III)/Sb(III)-regulator of the ars operon (28, 29) . Other members include Staphylococcus aureus pI258 CadC (30, 31) and S. aureus CzrA (32, 33) which regulate the expression of a metal-transporting CPx-ATPase (CadA) and a cation-facilitated diffusion (CDF) antiporter (CzrB), respectively.
Despite the progress made in understanding the structure, mechanism and metal selectivity of diverse metal sensor proteins (17, (33) (34) (35) (36) , many questions remain as to how specific heavy metal ions are specifically sensed in a common cytosol, particularly when challenged with multiple metal ions (37, 38) . Recent studies reveal that the metal ion actually sensed in vivo is at least partly dictated by the cytoplasmic milieu; this suggests that metal uptake/efflux, compartmentalization and/or trafficking may play an important role in functional metal selectivity in vivo (37, 38) . Very little is known about how organisms integrate these complex metal-specific systems to achieve heavy metal ion homeostasis, particularly under conditions of vanishingly small concentrations of "free" metal ions thought to exist in cells (39, 40) . Although metal transport and metal chelation systems are likely to be closely interdependent (26, 35, 41) , a molecular understanding of this interdependence in a single living organism remains poorly defined since these two resistance systems are usually found in separate bacteria.
into the TOPO PCR 2.1-TOPO vectors for DNA sequencing as described (41) . GENETYX (Software Development Co., Ltd.) was used for DNA sequence and amino acid analysis. ultracentrifugation (30,000 x g, 30 min) after incubation with DNase I. The resulting supernatants were further treated with 100,000 MW cut-off membrane (Millipore), and the filtrates were immediately concentrated and desalted in buffer A without EDTA using an Ultrafree-4 centrifugal filter unit (10,000 MW cut-off, Millipore) before storage at -80°C.
Preparation of the cell extracts from O. brevis-
The amount of final product was determined using a Bio-Rad protein assay kit (Bio-Rad Laboratories) with bovine serum albumin (BSA) as a standard.
Overexpression and purification of BxmR-The primers 5'-GGGGCTCGAGTGT-CACCGAAGTCTGCTGTTAAC and 5'-GACAAGAATTCCTAATGACTACTGACTAC were used to amplify bxmR using O. brevis genomic DNA as a template for PCR. Two restriction sites were incorporated into these primers, a forward site (XhoI) and a reverse site (EcoRI). Competent E. coli TOPO10 cells were transformed with the plasmid pBAD/BxmR constructed by subcloning the amplified product into the plasmid expression vector pBAD/MycB restricted with XhoI and EcoRI; the integrity of the plasmid construction was confirmed by dsDNA sequencing. LB medium (2 L) supplemented with 50 mg/ml of 7 ampicillin was inoculated with the pBAD/BxmR-transformed E. coli cells (20 mL) incubated overnight. After incubation for 3 h, 0.02% L-arabinose was added and cultures were further incubated at 37°C with vigorous shaking/aeration for 4 h. The cells were harvested by centrifugation and washed with 10 mM Tris-HCl (pH 7.3) buffer containing 1 mM PMSF.
The resuspended cells were disrupted by ultrasonication. The low-speed supernatant was collected after incubation with 0.02 mg/ml of DNase I (Fig. 1, lanes 2 and 5) . Recombinant BxmR fusion protein containing an N-terminal polyhistidine tag (N-His 6 -BxmR) was purified from the supernatant by Ni(II)-chelate chromatography using a MagExtractor fusion protein purification kit (Toyobo, Japan) ( Fig. 1, lanes 3 and 6) . N-His 6 -BxmR was then digested with enterokinase overnight at 25°C to remove the N-terminal polyhistidine tag and further purified according to the manufacturer's protocol (Invitrogen) (Fig. 1, lanes 4 and 7) .
Recombinant BxmR thus purified was estimated to be 96% homogeneous as assessed by scanning a photograph of the Coomassie-stained gel (Fig. 1, lane 4) . The monomer concentration of BxmR was determined using the Bradford method standardized to bovine serum albumin.
Electrophoretic mobility shift analysis (EMSA)-
The DNA probes for EMSA designated P5 ( Fig. 2A) and P11 (Fig. 2B) were prepared by PCR using the primers shown (underlined sequences in Fig. 2A,B) . The 3'-end of each DNA fragment was labeled with digoxigenin (DIG) using terminal transferase and DIG-ddUTP and EMSA experiments carried out using a DIG-Gel shift kit (Roche Diagnostics GmbH) according to the manufacturer's instructions or standard methods. Purified recombinant BxmR at the concentration indicated or a crude O. brevis cellular extract was incubated with 80 fmol DIG-P5 or DIG-P11 in a buffer containing 25 mM Tris-HCl (pH 7.3), 10% glycerol, 1 mg of poly dI-dC (or 5 mg for cell extracts) and/or poly(dA-dT)⋅poly(dA-dT), 1 mM DTT, in a total volume of 20 mL at ambient temperature. The effect of exogenous metals on protein-DNA complex formation was examined by addition of either ZnSO 4 , CdCl 2 , CuSO 4 by real-time quantification RT-PCR (rQRT-PCR) using external standards as described previously (41, 42) . The integrity of the amplification of specific fragments was confirmed by melting-curve analysis and DNA sequencing (42) .
Transcription/translation of bxa1 in E. coli using an in vitro bxa1 promoter-driven expression system-Three DNA fragments (designated P9bxa1, P10bxa1 and P11bxa1; see (universal antisense primer). These PCR products were gel-purified and used directly as DNA templates in an in vitro transcription/translation assay carried out with a commercial E. coli S30 lysate (Extract System For Linear Templates from Promega). Reaction mixtures containing DNA template, purified BxmR and metal ions (when added) were pre-incubated at 4°C and then added to the E. coli 30S lysate to a total volume of 50 mL, as recommended by the manufacturer. In vitro transcription/translation was allowed to proceed at 37 °C for 2 h, with the translation products subsequently precipitated with acetone. The resulting pellet was resuspended with 20 mL SDS-PAGE loading buffer and loaded onto a denaturing 8% SDS-PAGE gel for electrophoresis. The expression level of Bxa1 was analyzed and quantified by Western-blotting using an antisera raised against Bxa1 as described previously (41) .
RESULTS
BxmR is an SmtB/ArsR family metalloregulatory protein-Our previous work in heavy metal tolerance in O. brevis identified the genes encoding Bxa1, a putative heavy metal-transporting CPx-ATPase, and BmtA, a metal-sequestering metallothionein (MT) (41, 42) .
However, those studies failed to identify a transcriptional regulator of the expression of these genes. In many bacterial heavy metal resistance systems, the genes encoding the transcriptional regulator and the resistance protein, i.e., an MT or a metal transporter, are organized either as two consecutive open reading frames (ORFs) or as a divergently transcribed operon (12) . We therefore sequenced DNA fragments carrying the bxa1 and bmtA genes derived from O. brevis. This led to the identification of a 411 bp ORF, found 506 bp upstream of the start codon of bmtA and in the opposite coding orientation relative to bmtA.
We denote this gene bxmR ( Fig. 2A ).
Blast searches using the deduced amino acid sequence of bxmR as query reveal that BxmR is a member of the SmtB/ArsR family of metalloregulatory proteins (12, 28) and is most closely related to Synechocystis PCC 6803 ZiaR, with 65% identity (44) (Fig. 3) . BxmR also shares 56% identity with Synechococcus PCC 7942 SmtB (26) and ≈25-30% identity with other SmtB/ArsR family members in other bacteria (12) . The highest degree of sequence identity was found to reside in the putative helix-turn-helix DNA-binding domain, as is typical for other SmtB/ArsR family members (12) .
DNA sequence analysis of the region between bxmR and bmtA reveal the presence of an imperfect 12-2-12 inverted repeat element (IRE) with a conserved central core 5'-TGAAxx-xx-xxTTCA ( Fig. 2A,C) . Previous work has shown that similar inverted repeats function as DNA-binding sites for other SmtB/ArsR homologs in a wide range of bacteria ( Fig. 2C) (44, 45) , where mutagenesis typically leads to constitutive expression of the target gene (26, 44, 46, 47) . Analysis of the putative promoter regions of the all7621 and tlr1018 genes from the cyanobacteria genome database (http://www.kazusa.or.jp/cyanobase/) also reveals the existence of a 12-2-12 inverted repeat showing high identity to the smt O/P (Fig.   2C ). These data support the hypothesis that the highly conserved 12-2-12 inverted repeat elements in all cyanobacteria function as specific recognition sites for SmtB/ArsR-mediated regulation of target genes in response to specific metal ions.
Interestingly, a 12-2-12 IRE with significant nucleotide sequence identity to that of bxmR/bmtA IRE was also found in the promoter region of bxa1, which encodes a putative CPx-ATPase (Fig. 2B) . The presence of this IRE in the promoter region of bxa1 initially suggested that another SmtB homolog might be encoded nearby bxa1. However, extensive DNA sequencing on both sides of bxa1 failed to locate a gene encoding an SmtB/ArsR homolog, nor was there any other identifiable candidate regulatory gene close by. Since previous studies indicated that bxa1 is strongly induced by metal ions (41, 42) , this sequence analysis makes the prediction that BxmR metalloregulates bxa1 transcription, like bmtA
expression (vide infra).
BxmR specifically binds to the 12-2-12 inverted repeat elements in bmtA/bxmR and bxa1 operator/promoters with similar apparent affinities-Electrophoretic mobility shift assays (EMSA) were next carried out to determine if recombinant BxmR binds specifically to the operator/promoter regions of both bmtA/bxmR or bxa1 in vitro. In order to roughly map the boundaries of the BxmR binding site in both regions, the 506-bp region between the bmtA and bxmR ORFs was divided into four overlapping DNA segments of ≈200 bp designated P1, P2, P3 and P4, with P1 overlapping the start codon for bxmR and P4 overlapping that for bmtA ( Fig. 2A) . A similar fragmentation was also performed for a 683-bp region upstream of bxa1, to create EMSA probes P7, P8, P9 and P10, with P7 overlapping the initiation codon for bxa1 (Fig. 2B) . When EMSA was performed with these DNA fragments, an electrophoretic mobility shift with saturating BxmR was observed only with P1 and P7, each of which contain the imperfect 12-2-12 inverted repeat as described above (data not shown). To confirm that BxmR specifically binds to the 12-2-12 IREs, we further truncated P1 and P7 into ≈80-100 bp fragments designated P5 and P11, respectively, each of which contain the intact 12-2-12 inverted repeat region (see Fig. 2A ,B for nucleotide sequences). These results are shown in Fig. 4 .
As can be seen, both oligonucleotide P5, derived from the bmtA/bxmR operator/promoter (Fig. 4A,C) , and oligonucleotide P11, from the bxa1 operator/promoter (Fig. 4B,D) , give rise to multiple resolvable complexes when titrated with recombinant BxmR in an EMSA experiment in the presence of 1-5 mg of poly(dI-dC) and/or poly (dA-dT)⋅poly (dA-dT). With respect to the bmtA/bxmR operator/promoter fragment P5, two slowly migrating bands designated C1 and C2 are visible at a total BxmR monomer concentration of 0.07 µM, in addition to free P5 (FP). As the total BxmR concentration is increased to ≥0.70 µM, a third migration complex, designated C3, is observed. Even at the highest concentration of BxmR tested, both C2 and C3 persist, with C2 ≈3-fold more abundant than C3 at 7.0 µM (Fig. 4C) . The BxmR concentration-dependence of binding to the bxa1 operator/promoter fragment P11 was found to be similar to that of P5 (Fig. 4B,D) ; this suggests that BxmR binds specifically to the P11 fragment in vitro with an apparent binding affinity similar to that of P5.
A 100-fold molar excess of unlabeled P5 or P11 probe was sufficient to render all three slowly-migrating complexes undetectable (Fig. 4A,B, lane 10) , revealing that the binding is indeed sequence-specific. Although the BxmR-DNA binding stoichiometry in C1, C2 and C3 is unknown and any linkage to the BxmR monomer-dimer equilibrium (33) was not investigated in these experiments, these gel mobility shift patterns bear a qualitative resemblance to those previously published for apo-SmtB from Synechococcus PCC7942 where up to four dimers are known to bind to a single 12-2-12 inverted repeat, two with high affinity (27, 45, 48) .
Similar EMSA results were obtained with DNA probes P5 (Fig. 5A) and P11 (Fig. 5B) when cell extracts from O. brevis, incubated for 24 h in a medium containing either Zn(II), Cd(II), Cu(I) or Ag(I), were used in place of purified BxmR. Two slowly migrating complexes that coincide with the mobilities of the C2 and C3 complexes (see Fig. 4 ) were detected in these cells treated with heavy metals, but not in untreated cells. This suggests that the expression of BxmR is induced in vivo by both monovalent and divalent metal ions, and as a result, is capable of binding to both P5 (bmtA/bxmR) and P11 (bxa1) fragments, findings fully compatible with the EMSA results obtained with recombinant BxmR (Fig. 4) .
BxmR is dissociated from both bmtA/bxmR and bxa1 O/Ps upon the addition of both
divalent and monovalent metal ions-A common characteristic of SmtB/ArsR metal-regulated repressors is that the operator/promoter binding affinity is strongly negatively regulated by inducing metal ions in vitro, i.e., pre-incubation with metal salts inhibits protein-DNA complex formation (31, 33, 45) . This is also found to be the case for BxmR (Fig. 6) . Addition of increasing total concentrations of Zn(II), Cd(II), Cu(II) plus 4 mM dithiothreitol, or Ag(I) reduced the formation of all BxmR-DNA complexes formed with either the P5 (bmtA/bxmR) (Fig. 6A) or P11 (bxa1) (Fig. 6B ) DNA fragments. The metal-mediated inhibition of BxmR-P5 or BxmR-P11 complexes by monovalent Ag(I) is particularly surprising and has not observed for any other previously characterized SmtB/ArsR regulator (12, 38) . A similar result was obtained using crude cell extracts from O. brevis in place of purified BxmR (data not shown). In all cases, inhibition of complex formation requires approximately twice as much Zn(II) (50-100 µM) relative to the other metal ions, which require 20-50 µM. In addition, with all metals tested, the concentration of metal salts required to achieve similar levels of metal-mediated inhibition was generally found to be ≈2x smaller for P11 (bxa1)-BxmR complexes (Fig. 6B) relative to P5 (bmtA/bxmR)-BxmR complexes (Fig. 6A) .
Although potentially interesting (see Discussion), the origin of this effect is unknown and requires further investigation. In any case, the formation of BxmR-P5 and BxmR-P11 Because the complete promoter region of bxa1 was not yet defined, three DNA fragments, designated P10bxa1 (including 683 bp upstream of the start codon for bxa1 plus the entire bxa1 gene), P9bxa1 (505 bp upstream) and P11bxa1 (89 bp upstream) (see Fig. 2B) were employed as DNA templates in a coupled transcription/translation using E. coli extracts.
All of these fragments contain the imperfect 12-2-12 inverted repeat region. As expected, transcription/translation of bxa1 was achieved in the E. coli system (Fig. 7A) , with P10bxa1 or P9bxa1 templates effective to nearly the same degree. In contrast, the Bxa1 synthesis driven by P11bxa1 was poorly effective, indicating that a DNA fragment containing only an inverted repeat motif is not sufficient for bxa1 transcription/translation.
As expected for a repressor, addition of recombinant BxmR to these reaction mixtures resulted in a dose-dependent decrease in Bxa1 production, with 92% inhibition obtained with 12 µM BxmR monomer (Fig. 7A, lane 9) . These data directly show that BxmR alone is capable of efficient repression of Bxa1 synthesis. Furthermore, this BxmR-mediated repression is quantitatively reversed upon addition of 50 µM zinc, cadmium or copper salts to the coupled transcription/translation reaction mixture, with 20 µM silver mediating the same level of derepression (Fig. 7B) . When higher concentrations of either Zn(II) (100 µM) or Ag(I) (50 µM) were added, significant inhibition of Bxa1 synthesis was observed (Fig. 7B,   lanes 3 and 9) ; this behavior might be due to degradation of template DNA, which was also observed in the EMSA experiments (data not shown).
Metal-mediated regulation of bxa1, bmtA and bxmR mRNA levels in vivo by BxmR-
Given the genetic organization of the putative bxmR/bmtA divergon ( Fig. 2A) , the metal- Interestingly, a lower concentration of Zn(II) was required to induce bxmR and bmtA transcription (≈8-16 µM), relative to bxa1 transcription, the latter of which only occurred at a much higher total metal concentrations (≈60 µM).
The temporal pattern of bxmR, bmtA and bxa1 expression was next examined at a fixed concentration of heavy metal salts: 60 µM Zn(II) (Fig. 9A) , 16 µM Cd(II) (Fig. 9B), 16 µM Cu(I) (Fig. 9C ) and 5 µM Ag(I) (Fig. 9D) . Strikingly, the kinetics of metal-mediated induction of mRNA synthesis is identical for all four metal salts. The expression of bxa1, which encodes a putative CPx-ATPase metal transporter, is maximal approximately 1 h after addition of metal salts to the media, with parallel induction of bxmR and bmtA, which both becomes maximal only much later, in the 8-24 h time window. These data make two important points. The expression kinetics of bxmR completely parallel that of bmtA; since EMSAs have established bxmR and bmtA share the same protein binding site (Fig. 4) , it is this site that is likely responsible for the co-transcriptional regulation of these two genes. The second is that metal-mediated derepression of the transporter might function as the first or acute phase of defense against metal toxicity in O. brevis, with the repressor and the putative metallothionein, BmtA, providing a secondary system designed to counter chronic exposure to the same metal ions. and Cd(II)-dependent up-regulation of both a putative heavy metal sequestering metallothionein, encoded by the bmtA gene, and a putative CPx-ATPase metal transporter, encoded by bxa1 (41, 42) . Consistent with this physiological role in O. brevis, overexpression of either bmtA or bxa1 in E. coli increases metal resistance in this system as well (42) . In this paper, we establish two additional important points. First, a single metal-regulated repressor, designated BxmR, is necessary and sufficient to mediate metal-dependent transcriptional regulation of the expression of both bmtA and bxa1 genes. Amino acid sequence analysis clearly establishes that BxmR is a member of the SmtB/ArsR family of metal-sensing repressors (12, 28) . Although other SmtB/ArsR metal sensor proteins regulate the expression of either a metallothionein (MT) or a metal transporter (12) , this is, to our knowledge, the first example of a single repressor mediating the metalloregulation of both a metallothionein and a putative metal efflux pump in the same organism. The second significant conclusion reached here is that O. brevis BxmR metalloregulates the expression of all three genes in response to both the coinage metals Ag(I) and Cu(I), as well as Zn(II) and Cd(II), a novel characteristic, not only in the SmtB/ArsR family of regulators (12) , but also in other metalloregulatory protein families, e.g., MerR family (25, 35) . Although the mechanism of metal-dependent regulation requires further investigation, the studies reported here are consistent with the hypothesis that BxmR harbors metal binding site(s) for both Cu(I) and Zn(II), that allosterically regulate bxa1 and bxmR/bmtA O/P binding (Fig. 6) . CzrA (34, 45) (Fig. 3) . Direct metal binding experiments carried out with metal salts in an anaerobic atmosphere will provide further insight on the metal stoichiometry, coordination chemistry, metal selectivity and allosteric regulation of DNA binding in BxmR.
On the mode of metal binding by BxmR-

Temporal patterns of metal resistance gene expression in O. brevis-The finding that
the bxmR, bmtA, and bxa1 genes are reversibly regulated by BxmR is consistent with the scenario that all three genes belong to a same metal homeostasis system in O. brevis.
Previous kinetic studies of the expression of bxa1 and bmtA have already established that Zn(II) and Cd(II) strongly induce bxa1 expression within 1 hr of metal treatment, with bmtA expression maximally induced 8 or more hr later (42) . These results are consistent with the idea that the metal transporter Bxa1 is a rapid response determinant required to handle the trafficking of intracellular metal ions and function as first line of defense against acute metal toxicity. In contrast, the metallothionein, BmtA is a relatively slowly emerging factor which may protect O. brevis from chronic metal toxicity which results from a more longer-term change in the environment.
The molecular mechanism of the rapid induction of bxa1 relative to bmtA is currently unknown. One way to achieve rapid induction or derepression of bxa1 specifically is to favor intracellular conditions under which constitutively expressed BmxR is bound primarily to the bxa1 O/P, with the bxmR/bmtA O/P free of the regulatory factor. However, unless other factors influence the occupancy of the O/Ps in vivo, both sites are likely to be bound by BxmR since they appear to have comparable affinities for BxmR (Fig. 4) ; furthermore, the expression of all three genes is strongly induced by metal ions (Figs. 8-9 ). Another possible mechanism is that metal ion-mediated disassembly of the BxmR-bxa1 promoter complexes takes place preferentially relative to the BxmR-bxmR/bmtA promoter complexes in vivo. This could occur either via a greater sensitivity of the BxmR-bxa1 complexes to the effective concentrations of inducing metal ion that would exist in an acute (early) metal toxicity phase, relative to chronic (longer-term), metal toxicity conditions, or on purely kinetic grounds, i.e., the rate of disassembly is more rapid for BxmR-bxa1 relative to the BxmR-bxmR/bmtA promoter complexes. Initial experiments suggest that the BxmR-bxa1 promoter complex may be dissociable by lower total concentrations of the metal salts relative to BxmR-bxmR/bmtA promoter complexes (Fig. 6 ), potentially consistent with the former scenario. The bmtA mRNA (Fig. 8) and BmtA itself (47) 
